mitochondrial quality control. Mutations include deletions, insertions, and point mutations that, for the most part, lead to a loss of the catalytic activity of parkin [3] [4] [5] . In addition to mutations impairing the function of parkin, its enrichment with cysteines makes it prone to oxidative and nitrosative attack. There is a loss of parkin function due to S-nitrosylation, oxidative and dopaminergic stress, and phosphorylation by the stress-activated kinase c-Abl in the more common sporadic form of PD [6] [7] [8] [9] [10] [11] [12] [13] .
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Neurodegener Dis 2014;13:69-71 DOI: 10.1159/000354307 70 tion via lysine 48 linkages and subsequent ubiquitin proteasome degradation [9, [17] [18] [19] . At least 4 independent groups and 6 different labs have shown that parkin is inactivated in sporadic PD [6, 7, 9-13, 17, 20] . Our laboratory has focused its attention on two potential pathophysiologic substrates of parkin that meet the latter criteria.
AIMP2 (aminoacyl tRNA synthetase complex-interacting multifunctional protein-2), also known as JTV-1 or P38, is a parkin substrate that is present in Lewy body inclusions of PD substantia nigra [18, 21] . AIMP2 is a strong candidate as a pathogenic parkin substrate since AIMP2 levels are elevated in the ventral midbrain in parkin knockout mice and in postmortem brain from patients with parkin mutations or sporadic PD [7, 9, 18] . AIMP2 also accumulates in the MPTP model of PD, consistent with the notion that parkin is inactivated following MPTP intoxication [9] .
PARIS (ZNF746) is another strong pathogenic parkin substrate since it accumulates in familial PD with parkin mutations, sporadic PD, parkin knockout mice, and MPTP-intoxicated mice [19] . Under pathologic conditions, where parkin is inactivated in PD, PARIS levels accumulate leading to mitochondrial dysfunction through downregulation of PGC-1α resulting in the loss of dopamine (DA) neurons. PARIS upregulation is required for the loss of DA neurons since conditional knockout of parkin in adult animals leads to a progressive loss of DA neurons that is PARIS dependent. Moreover, overexpression of PARIS leads to the selective loss of DA neurons in the substantia nigra, which is reversed by either parkin or PGC-1α coexpression [19] . These findings are recapitulated in sporadic PD.
Recent work suggests that the non-tyrosine receptor kinase c-Abl accounts for the inactivation of parkin via oxidative stress by phosphorylation of tyrosine 143 in sporadic PD [7, 9] . This posttranslational modification of parkin provides a unique opportunity to modify the phosphorylation status of parkin and maintain it in a catalytically active state by interfering with the activation of c-Abl. We propose a model in which c-Abl is activated due to mitochondrial dysfunction and/or oxidative stress leading to tyrosine phosphorylation of parkin and its subsequent inactivation followed by the accumulation of parkin substrates ( fig. 1 ) . In a parallel pathway, α-synuclein is tyrosine phosphorylated leading to its aggregation and subsequent toxicity [22] . Since aggregated α-synuclein can lead to mitochondrial dysfunction, it creates a feedforward cycle. In this model, parkin is not required for α-synuclein toxicity, consistent with our observations that the absence of parkin does not exacerbate α-synucleininduced toxicity in the A53T α-synuclein transgenic model [23] . However, preventing the tyrosine phosphorylation of parkin could enhance its protective function against α-synuclein toxicity by maintaining its cytoprotective function, consistent with observations that overexpression of parkin protects against the toxic effects of α-synuclein-induced toxicity [24] . Our central hypothesis is that stress-induced activation of the non-receptor tyrosine kinase c-Abl contributes to the pathogenesis of sporadic PD via tyrosine phosphorylation of parkin and α-synuclein. We acknowledge that there are likely to be other mechanisms and these additional mechanisms will need to be evaluated in future studies to determine their relative contributions to DA neuron degeneration due to parkin inactivation.
Future studies are needed to explore the relationship of PARIS and AIMP2 in dopaminergic cell death. What are the underlying mechanisms of PARIS and AIMP2-induced loss of dopaminergic neurons? It will be important to determine whether AIMP2 and PARIS or other Parkin is inactivated in sporadic PD. Mitochondrial dysfunction in sporadic PD leads to oxidative and nitrosative stress that directly inactivates parkin, but it also leads to the activation of c-Abl. Parkin is also inactivated by tyrosine phosphorylation of parkin. α-Synuclein may also be tyrosine phosphorylated by c-Abl leading to its aggregation and subsequent toxicity creating a feedforward cycle of mitochondrial dysfunction followed by parkin inactivation. Inactivation of parkin leads to the loss of its ubiquitin E3 ligase activity, and parkin substrates such as PARIS and AIMP2 accumulate leading to the death of DA neurons. mechanisms of parkin-induced DA neurodegeneration intersect in a common pathway or whether they are separate pathways. Interfering with these molecular mechanisms offers new therapeutic strategies to treat PD. Maintaining parkin in a catalytically active state through inhibition of c-Abl is an attractive avenue to pursue as inhibitors of c-Abl are in wide clinical use for the treatment of chronic myeloid leukemia. The repurposing of these agents could quickly be translated into a diseasemodifying therapy for PD.
